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Na/H antiporter (NHE-1 isoform) in cultured vascular smooth
muscle from the spontaneously hypertensive rat. An increase in Na/H
antiporter activity may be involved in hyperproliferation of vascular
smooth muscle cells (VSMC) and possibly in the vascular hyperplasia
characteristic of hypertension. The present study was designed to examine
cell proliferation, Na/H exchange activity, and mRNA levels of the
NHE-1 isoform of the Na/H antiporter in cultured aortic VSMC
derived from the spontaneously hypertensive rat (SHR) and from normo-
tensive controls, the Wistar/Kyoto rat (WKY). VSMC derived from the
SHR grown in early (2 to 6), but not in later (7 to 10) sub-passages,
exhibited an increase in [3H]-thymidine incorporation and shorter dou-
bling times as compared to those derived from WKY rats. Na/H
exchange activity assayed in the nominal absence of HC03/C02, as the
rate of intracellular pH (pH1) recovery after cell acidification was signifi-
cantly higher in cells from SHR than in those from WKY rats when cells
were studied in early sub-passages, but not in cells studied in later
sub-passages. In cells grown in early sub-passage, Na47H exchange
activity assessed as the initial rate of Na1 accumulation following acute
cell acidification was also significantly higher in SHR than WKY cells both
in the nominal absence (10.22 1.15 and 6.98 1.17 mmol Na/90
seconds, P < 0.05, respectively) and in the presence of HC03/C02 (9.94
1.02 and 5.59 0.86 mmol Na/90 seconds, P < 0.01, respectively).
There were no detectable differences in the level of steady-state Na/H
antiporter (NHE-1) mRNA between VSMC from SHR and WKY rats.
Our findings indicate that Na7H exchange activity is increased in
cultured aortic VSMC derived from SHR as compared to those derived
from WKY rats. The higher functional activity of the Nat'H antiporter
in VSMC from the SHR is due to a post-transcriptional event(s) and may
be related to enhanced growth in culture.
The NHE-1 isoform of the Na/H antiporter, originally
cloned by Sardet, Franchi and Pouysségur [1], is expressed in
almost all mammalian cells where it subserves several functions,
including regulation of cell volume and intracellular pH (pH1)
[2—4]. There are several lines of evidence indicating an important
role of the Na/H antiporter in the initiation of cell growth as
well [5]. Since abnormal growth of vascular smooth muscle
(VSMC) is seen in various pathologic conditions such as hyper-
tension and atherosclerosis, it is of interest to study the activity of
the Na/H antiporter in these two conditions. Berk et a! [6] first
suggested that enhanced growth in cultured aortic VSMC from
the spontaneously hypertensive rat (SHR) could be the conse-
quence of enhanced Na41H exchange activity. This suggestion
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was based on their finding of an increase in Nat'H exchange
activity in cultured VSMC from the SHR as compared to WKY
cells [6], a finding also reported by others [7, 8]. Although the
Nat'H antiporter may influence cell proliferation through var-
ious ionic mechanisms [5], it is not clear that enhanced prolifer-
ation in VSMC from the SHR is the consequence of overactivity
of this antiporter. It is equally possible that the opposite situation
prevails (that is, enhanced proliferation causing increased activity
of the Nat/H exchanger) [5].
Previous studies using cells from the SHR assayed the activity
of the Na/H antiporter and steady-state pH under conditions
where HC03/C02 was absent from the assay solution [6—8]. In
the presence of HC031C02, the physiologic buffer, the contri-
bution of the Na7H antiporter to the regulation of pH1 is much
less than in the absence of HC03/C02. The present study was
undertaken to examine Na/H exchange activity in cultured
VSMC from the SHR and WKY both in the presence and in the
nominal absence of HCO31C02. In addition to assessing
Na/H exchange activity from pH1 recovery rates, free cytosolic
Na (Na1) accumulation during recovery from cell acidification
was used as a novel approach to assess Na47}f exchange activity.
Finally, the levels of Na/H antiporter (NHE-1 isoform) mRNA
were measured to ascertain if differences in the functional activity
of the Na/H antiporter between VSMC from SHR and WKY
rats were due to differences in NHE-1 mRNA abundance.
Methods
Establishment of cell cultures
Vascular smooth muscle cells (VSMC) were obtained from the
thoracic aortas of spontaneously hypertensive rats (SHR) and
normotensive Wistar-Kyoto rats (WKY) 12 to 16 weeks of age. At
the time of sacrifice, systolic blood pressure, determined by the
tail cuff method of blood pressure measurement, was markedly
higher in SHR than in WKY rats (177 7 and 106 6 mm Hg,
respectively, P < 0.001).
Primary cultures of VSMC were established as previously
described [9]. The thoracic aorta was removed under sterile
conditions and placed in sterile phosphate buffered saline (PBS).
The blood, connective tissue, and collateral arteries were removed
and the aorta incubated for 15 minutes at 37°C in PBS containing
collagenase IV and elastase (Sigma). The aorta was then placed in
fresh PBS and cut longitudinally. The endothelium was removed
by gently scraping with the blunt side of microdissection scissors
and the adventitia stripped away. The intact muscularis was
reincubated at 37°C in PBS containing collagenase and elastase
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for 30 to 60 minutes, until it had lost its elastic character. It was cut
into 1 to 2 mm2 pieces and the VSMC dispersed by vigorously
pipeting through a 5 ml serological pipette. The dispersed cells
were washed once by centrifugation with PBS and resuspended in
culture media. VSMC were seeded onto 9 X 35 mm coverslips
(Wheaton Glass) resting in a 60 mm tissue culture dish. The cells
were grown in Dulbecco's modified Eagle's medium plus Ham's
F12 nutrient mixture (1:1, Sigma), 10% fetal calf serum (Hazle-
ton), penicillin (100 U/ml), streptomycin (100 igIml) and Fungi-
zone (250 .tWml) at 37°C in a humidified atmosphere of 5% Co2.
Cultures were fed or passaged twice weekly. VSMC were shown
by light microscopy to display the typical features previously
described by others [10, 11].
A total of 26 primary cultures from SHR rats and 29 primary
cultures from WKY rats were used in this study. Only one aorta
was used per culture so as to obtain individual cell lines from a
large number of SHR and WKYrats for comparison. Experiments
were performed on confluent subcultures between the 2nd and
10th passages. Sixteen to 36 hours prior to study, the cells on
coverslips were placed in new culture dishes and fed with serum
free media while the cells remaining adherent to the original
culture dish were passaged onto fresh coverslips for future use.
Evaluation of cell proliferation
Growth rates in cultured VSMC from SHR and WKY rats were
determined by cell counting using a Coulter counter (model ZM),
and by rates of DNA synthesis by measurement of [3H]-thymidine
incorporation. Cells were plated overnight at approximately
100,000 cells/well in 9.62 cm2 six well plates. The following day the
cells were washed and placed in serum free media to synchronize
the cell cycle and to remove all nonviable cells. On day three, the
cells in one well were counted and the remainder were fed with
media containing 10% FCS and 1 Ci/m1 [3H]-thymidine. [3H]-
thymidine incorporation was then measured at 6, 12, and 24 hours
[12]. At the appropriate times, cells in one well were washed three
times with PBS followed by acid precipitation with 10% trichlo-
roacetate. The cells were then washed twice with absolute alcohol
and the [3H] was extracted for 60 minutes with 0.1 N NaOH. Cell
doubling times were calculated from daily cell counts taken for
several days after plating [12].
p1-I, measurements
The pH sensitive fluorescent probe, 2', 7'-bis(carboxyethyl)-5,-
6-carboxy-fluorescein (BCECF) was used to measure pH, as
previously described [13]. On the day of the study, VSMC were
loaded with 1 g/ml BCECF-AM (Molecular Probes) for 30
minutes at 37°C. The coverslips were then washed three times
with the assay buffer and allowed to sit 30 minutes before
proceeding. BCECF loading did not alter VSMC morphology or
viability as assessed by trypan blue exclusion and light microscopy.
BCECF fluorescence was continuously measured at an emission
wavelength of 520 nm and excitation wavelength of 500 nm with
intermittent measurements using 440 nm excitation. Calibration
of the 500/440 nm ratio to pH1 was done at the beginning of each
experiment using 6 g/m1 nigericin in a 120 mM KC1 solution as
previously described [13].
At the start of the experiment, a coverslip was inserted into a
1.5 ml glass cuvette (Helma) resting in a water-jacketed cuvette
holder of a Perkin-Elmer LS-5 spectrofluorometer maintained at
a constant 37°C. The spectrofluorometer was connected to an
IBM computer capable of rapidly driving the excitation wave-
length and acquiring and recording the data for future analysis.
The coverslips were superfused at a rate of 2 ml/min with
pre-warmed assay buffer (37°C) using a 50 ml syringe inserted in
a Sage infusion pump, and the effluent was continuously removed
with a peristaltic pump [9, 13]. The contribution of external
BCECF due to dye leakage was found to be negligible at this rate
of superfusion, as demonstrated by the lack of fluorescence in the
effluent. When experimental solutions were switched during the
course of an experimental maneuver, the flow rate was increased
to 10 ml/min for 30 seconds to enhance the rate of exchange.
Preliminary experiments demonstrated that at this rate, there was
>95% exchange of solutions within 20 seconds. None of the
solutions or experimental agents had any significant intrinsic
fluorescence, nor did they alter VSMC autofluorescence at the
wavelengths monitored.
The standard assay solution for experiments performed in the
nominal absence of HC037CO2 had the following composition
(mM): NaC1 136.8, KC1 4.7, CaC12 1.25, MgCl2 1.25, Na2HPO4
0.97, NaH2PO4 0.23, glucose 5, HEPES 5, pH 7.4 The HC03/
CO2 containing solution had the exact same composition except
NaCl was reduced to 114 m and 22 mi NaHCO3 was added. The
HC03 containing solutions were equilibrated with 5% CO2 for
at least 30 minutes prior to use and constantly bubbled with CO2
throughout the experiment. An air line was also connected to the
cuvette holder and a stream of 5% CO2 continuously flowed
above the superfusion solution in the cuvette. For experiments
utilizing Na free solutions, choline was substituted for sodium.
To verify that the effect of choline on the pH1 recovery was not
due to cholinergic stimulation, four additional experiments were
performed using N-methyl-D-glucamine (NMDG) to substitute
for sodium.
For most experiments examining the pHi recovery from cell
acidification, VSMC were acid loaded to a pH1 of —6.5, by adding
6 ig/ml nigericin to the superfusion solutions and by decreasing
the external pH to 6.5. When the desired pH, had been achieved,
the nigericin containing solution was washed away with the
desired experimental solution and the pH1 recovery was then
monitored over ten minutes. The initial rate of pH, recovery was
defined as the rate of recovery measured during the first 90
seconds following the complete removal of the acidification
solution. Additional experiments examined the pH, recovery from
an acid load using the NH4C1 washout technique [13, 14]. After
exposure to NH4C1 (20 mM) for ten minutes, the NH4C1 was
removed from the superfusate leading to a rapid fall in pHi to
about 6.40. The subsequent pH1 recovery was then monitored at
15 second intervals for 10 to 20 minutes.
Na/H activity was defined as the difference between the
initial recovery (90 seconds) in control cells and the recovery
measured in the presence of 50 M ethyl-isopropylamiloride
(EIPA). Additional experiments revealed that 1.25 LM EIPA was
as effective at inhibition of the pH, recovery from acute cellular
acidification as was 50 LM EIPA, suggesting that the Nat'H
exchange isoform responsible for the pH1 recovery was NHE-1
[15]. This is consistent with what has been reported for the IC50 of
EIPA for Na47H exchange in aortic smooth muscle (60 nM) [16].
The cellular buffering power (B) was determined in VSMC
superfused with either the HEPES or HC03/C02 buffer by
pulsing the cells with 2.5 mrvi NH4C1 and measuring the change in
pH1 [13, 14]. There were no differences in B between SHR and
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Fig. 1. pI-I recovety from cell acidification assayed in the nominal absence
of HC03/C02 (HEPES buffer). After recording a stable steady-state pHi,
VSMC were acidified using the nigericin technique. In the presence of
sodium, the pH1 recovery was greater in cells from the SHR (open circles,
N = 18) than in those from WKY rats (closed circles, N = 17) (P < 0.001
by two-way ANOVA). Removal of external sodium inhibited the pH1
recovery period in cells from both SHR (open squares, N = 18) and WKY
rats (closed squares, N = 18).
WKY cells at any of the pH1 levels examined. The buffering power
(B) data were used to generate regression lines relating B to pH1
(between pH1 6.4 and 7.5). For the determination of H fluxes,
these regression lines were used to calculate B for the mean pHi
of the pH interval being examined. H fluxes were then calculated
as z pH1 X B.
Determinations of Vm and Hill coefficients for the Na/H
antiporter were done using non-linear regression analysis of the
Hill equation using computer program (Ultrafit, Biosoft, UK)
[17]. For this analysis, the data obtained during the recovery from
an acute cellular acidification (in the presence of external sodium;
Fig. 1) was transformed to [H] and plotted against the rate of H
efflux from the cells (Fig. 2). The zero set point was defined as the
pH1 at which the activity of the Na/H antiporter is only 1% of
Vm. At this pH1 antiporter acitivty was minimal [17].
Free cytosolic sodium (Na ) measurements
The sodium sensitive fluorescent probe, SBFI, was used to
measure Na1 [18]. On the day of the study, VSMC were loaded
for 2.5 to 3 hours at room temperature with a freshly prepared
loading solution containing SBFI-AM (10 /.tM) (Molecular
Probes), and pluronic (0.1%) [18—20]. Probenecid (1 .tM) was
added to the loading solution to minimize SBFI leakage. This
agent has been used previously to prevent FURA-2 secretion and
sequestration [21]. The loading solution was prepared from a
stock solution consisting of SBFI-AM (5 mM), pluronic (20%
wt/vol), and probenecid (1 mM) dissolved in DMSO. After load-
ing, the coverslips were washed with the assay buffer and imme-
diately inserted into the suction cuvette. The coverslips were
superfused for 10 to 15 minutes until a stable florescence signal
was obtained. Fluorescence was continuously measured at an
emission wavelength of 519 nm and alternating excitation wave-
lengths of 348 nm and 383 nm. Data were obtained every 15
seconds using a DMX 1000 spectrofluorometer (SLM-Amicon).
The 348/383 excitation ratio was calibrated daily at pH 7.4 by
[H*], flM
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Fig. 2. Rate of H eftlux as a function of intracellular JHJ. The pH1 data
depicted in Figure 1 during the recovery from an acute cell acidification
(in the presence of Na) was transformed to H flux and plotted against
[H] for each time interval. The data were then used to determine the
Vmax and Hill coefficients for SHR (open circles) and WKY cells (closed
circles).
mixing different amounts of the assay buffer with a 140 mtvi K/0
mM Na buffer to achieve various sodium concentrations between
0 and 60 m. Sodium concentrations of the calibration solution
were verified by flame photometry. Gramicidin (10 MM) and
monensin (5 MM) were added to the calibration solution to
equilibrate the intracellular and extracellular sodium [18]. Initial
characterization of the free acid form of the probe indicated that
changes in pH between 6.5 and 8.0, the range of pH1 used in this
study, had no discernable effects on the SBFI ratio. This is in
agreement with previous reports that the SBFI ratio is relatively
unaffected by pH at pH's above 6.2 [19].
Experiments examined the accumulation of Na1 during pH1
recovery from cell acidification produced using the NH4C1 wash-
out technique (see above). This approach avoids Na4 entry into
the cells which would occur if nigericin had been used to acidify
the cells. After exposure to NH4C1 (20 mM) for ten minutes, the
NH4C1 was removed from the superfusate leading to a rapid fall
in pH1 to about 6.40 followed by a rapid recovery in the pH1. The
pH1 recovery from cell acidification was accompanied by a rapid
increase in Na1. Because the rise in Na1 during the recovery
from cell acidification represents the balance of Na entry and
Na extrusion from the cells, experiments designed to assess
Na47H exchange activity were performed after inhibition of
Na/K ATPase with ouabain (2 mM).
In some experiments, EIPA was used to establish that the
Na/H exchanger was the pathway involved in the rapid Na
accumulation after cell acidification. Because of problems due to
EIPA-related fluorescence at the wavelengths used to monitor
SBFI fluorescence, the cells could not be continuously superfused
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Table 1. Growth features in cultured VSMC from SHR and WKY ratsa
2nd to 6th passages 7th to 10th passages
3H-thymidine 3H-thymidine
incorporation incorporation
Doubling time CPMI1000 Doubling time CPM/1 000
hours cells hours cells
SHR 28 1168 27 1313
(21) (17) (15) (14)P <0.01 <0.05 NS NS
WKY 39 699 24b 1187b
(17) (16) (16) (16)
a Number of experiments is given inside parenthesisbSignificantly different as compared to passages 2 to 6, P < 0.05
with EIPA. To obviate this technical problem, cells loaded with
NH4C1 had EIPA added during the last 2 minutes of NH4CI
loading. The NH4C1 and EIPA were then washed away and SBFI
fluorescence was then monitored to measure changes in
Preincubation of the cells with EIPA by this approach also
completely blocked the initial pHi recovery indicating effective
blockade of the Na/H antiporter.
NHE-1 mRNA
Confluent monolayers of VSMC, grown on 100 mm diameter
plastic culture dishes, were lysed with guinidium thiocyanate/N-
lauroyl sarcosine! -mercaptoethanol as previously described [22,
23]. The resulting slurry was centrifuged through a 5.7 M CsC1
cushion and the resulting RNA pellet was further purified by
phenol-chloroform extraction and ethanol precipitation. Poly A
RNA was selected by oligo-dT affinity chromatography. For
Northern blot analysis, the poly A RNA was electrophoresed on
formaldehyde-agarose gels and transferred to nylon filters. The
nylon filters were sequentially probed for NHE-1, using the
human Na/H c28 eDNA, and for f3-actin as previously de-
scribed [221. Intensity of the bands on autoradiograms was
measured on a laser densitometer and Na/H antiporter signals
were normalized for f3-actin [22, 23].
Statistical analysis
All data are reported as mean SE. Steady-state pH1 values are
the mean of two to four individual determinations (that is,
coverslips) for each experimental day. Replicate readings on a
given cell culture preparation on an experimental day were
averaged to give an "N" of one. Differences in the rate of pH1
recovery and Na accumulation over time between experimental
groups were determined by a two-way ANOVA. Student's t-tests
for paired and unpaired analysis were used for comparisons of
mean values when appropriate. Differences were considered
statistically significant when P < 0.05.
Results
Cell growth
[3H1-thymidine incorporation was measured after 6, 12, and 24
hours of exposure to 10% FCS. In VSMC grown in early
sub-passages (passages 2 to 6), there was only a modest incorpo-
ration of [3H]-thymidine incorporation during the first 12 hours
after stimulation by 10% FCS (data not shown). By 24 hours,
Table 2. Steady-state pH1 and stimulated Na/H exchange activity
(pH1 -6.50) in VSMC assayed in the nominal absence of HC03/C02
2nd to 6th passages 7th to 10th passages
Na/H Na/H
pH1 mmol H790 seconds pH mmol H/90 seconds
SHR 7.32
0.03
(53)
7.38
1.04
(13)
7.30
0.04
(29)
7.80
1.01
(13)P <0.01 <0,05 NS NS
WKY 7.23
0.03
(49)
3.70
1.65
(15)
7.30
0.04
(35)
5.75
2.03
(11)
Number of experiments is given inside parenthesis.
[3H]-thymidine incorporation increased markedly and was signif-
icantly increased in cultured VSMC from the SHR as compared to
those from WKY rats (Table 1). The rate of cell proliferation was
also determined by calculating the doubling times of the cells
during the initial logarithmic phase of growth. SHR cells grown in
early sub-passages in culture (passages 2 to 6) had shorter
doubling times, and therefore grew more rapidly than WKY cells
(Table 1).
Unlike cells grown in early sub-passages, no significant differ-
ences in either cell doubling times or [3H]-thymidine incorpora-
tion were found between SHR and WKY cells grown in later
sub-passages (passages 7 to 10) (Table 1). SHR cells grown in late
sub-passages grew at about the same rate as their counterparts
grown in early sub-passages as determined by both [3H]-thymidine
incorporation and cell doubling time. In contrast, in WKY cells
grown in late sub-passages, [3H]-thymidine incorporation was
higher and the doubling time was decreased as compared to WKY
cells grown in early sub-passages (Table 1).
Steady-state IIj and Na 7H exchange activity:
absence of HC03/C02
In the nominal absence of HCO37CO2 (HEPES buffer, pHo
7.4), the pH1 of cultured VSMC (passages 2 to 10) was higher in
SHR than WKY cells (7.31 0.02, N = 82 vs. 7.26 0.02, N
84, P < 0.05, respectively). When the data were analyzed on the
basis of the sub-passage in culture, the steady-state pH was
significantly higher in SHR than WKY cells assayed in early
sub-passages but not in cells grown in later sub-passages (Table 2).
To examine the activity of the Na/H exchanger under
conditions of stimulation by reduced pHi, VSMC from SHR and
WKY rats were acutely acidified using a nigericin containing
solution (pH0 6.40) and then allowed to spontaneously recover by
changing to a nigericin-free superfusate (pH, 7.40). By design, an
identical degree of cell acidification was achieved in SHR and
WKY cells (pH1 6.50 0.04, N = 18 and 6.50 0.03, N = 17,
respectively; Fig. 1). The pH1 recovery was also measured in
experiments where acidified cells were superfused with a sodium
free solution. The pH1 recovery was almost completely inhibited
when the acidification solution was changed to a Na free solution
with the iso-osmotic substitution with choline (Fig. 1) or NMDG
(N = 4,data not shown), thus demonstrating the Na-dependency
of H extrusion.
When the acidification solution was changed to the standard
HEPES buffered superfusate (pH, 7.40), pH1 began to immedi-
ately recover. The initial rate of pH1 recovery was fast and
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2nd to 6th passages 7th to 10th passages
Na/H Na/H
pH1 mmol H/9U seconds pH1 mmol H/9O seconds
SHR 7.35
0.02
(43)
5.20
2.52
(10)
7.37
0.03
(33)
5.43
1.40
(11)P NS NS NS NS
WKY 7.32
0.02
(60)
5.56
2.32
(8)
7.34
0.02
(47)
5.50
1.51
(13)
essentially linear over the first minute with complete pHi recovery
achieved by 10 minutes (Fig. 1). Comparison of the initial (90
seconds) rates of pH, recovery between SHR and WKY cells
revealed that the recovery was faster in SHR than WKY cells
(ipH1 0.38 0.04, vs. 0.24 0.03, pH U/90 seconds, P < 0.01,
respectively). To determine the rate of acid extrusion (mM HI90
seconds) from the cells, the buffering power (B) of the cells was
measured. The buffering power of acidified cells (pH1 --.6.5) was
similar in SHR and WKY cells (31.4 1.9 and 34.7 1.3, mmol
H/liter cells, respectively). The rate of H extrusion, calculated
as pH1/90 seconds x B, was significantly faster in SHR than
WKY cells (10.96 1.23 and 8.19 1,06 mmol H790 seconds, P
< 0.05, respectively).
The data depicted in Figure 1, which reflects Nat-dependent
recovery, were converted to H flux and plotted against pH1 (and
the corresponding [H]) (Fig. 2). This data was used to derive the
kinetic parameters of the Na/H antiporter using non-linear
regression analysis of the Hill equation [17]. There were no
significant differences between VSMC from SHR and WKY rats
for the Hill coefficient (3.4 0.6 and 3.9 0.05, respectively). In
VSMC derived from the SHR, the Vm was higher than in cells
derived from WKY rats (23 4.3 and 13 3.4 mmol H/min,
respectively, P < 0.05). The zero set point (pH 0.01), the pH1 at
which the activity of the antiporter is only 1% of Vm [17], was
higher in SHR than WKY cells (7.51 0.09 and 7.31 0.07,
respectively), but the difference between these two calculated
parameters did not achieve statistical significance.
The pH1 recovery from acute cell acidification was further
studied in a series of experiments where the Na/H exchanger
was inhibited by the addition of EIPA. To ensure a consistent
approach to the evaluation of Na7H antiporter activity in the
absence and in the presence of HCO3/C02 (see below), Na/H
antiporter activity was defined as the difference in the initial rate
of pH1 recovery (at 90 seconds), expressed as H efflux, between
control cells and cells exposed to EIPA. Stimulated Na/H
antiporter activity, so defined, was significantly greater in SHR
than WKY cells (7.59 0.71, N = 26 vs. 4.57 1.27 mmol H1790
seconds, N = 26, P < 0.05, respectively).
Analysis of Na/H antiporter activity on the basis of early
versus late passages in culture are summarized in Table 2. The
stimulated Na/H antiporter activity was higher in SHR than in
WKY cells but the difference was only significant in cells grown in
early sub-passages in culture. This finding roughly corresponds to
the steady-state pH1 results (that is, higher in VSMC from the
Fig. 3. p1-I1 recovery from cell acidification in cells assayed in HC037C02
buffer. Experiments were conducted as described for Figure 1 except that
a HC031C02 buffer was used. EIPA (50 JLM) partially inhibited the pH
recovery in both the SHR (open squares, N = 21) and WKY (closed
squares, N = 21). In the presence of EIPA, cells from the SHR exhibited
a faster pH1 recovery than those from WKY rats (P < 0.00 1 by two-way
ANOVA).
SHR than in those from the WKY rat studied in early but not in
late passages; Table 2).
Steady-state pH1 and Na t'H exchange activity:
Presence of HCO31C02
In the presence of HC037C02, the steady-state pH1 was not
significantly different between VSMC from SHR and WKY rats
when assayed either in early passages (7.35 0.02, N = 43 and
7.32 0.02, N = 60, respectively) or in late passages, (7.37 0.03,
N 33 and 7.34 0.02, N = 47, respectively; Table 3).
In cells acutely acidified using nigericin (pH1 6.45 0.03, N =
20 and 6.44 0.03, N = 20, for SHR and WKY, respectively),
returning to the standard superfusate (pH0 7.4) resulted in a rapid
pH1 recovery and a return to baseline pH1 in about 10 minutes
(Fig. 3). There was no difference in the initial rate of pHi recovery
between SHR (N = 20) and WKY cells (N = 20; pH1 0.29 0.03
and 0.29 0.03 pH U/90 seconds, respectively). The buffering
power at the departing pH1, measured in the presence of HCO31
C02, was also not different between SHR and WKY cells (41 1
and 38 1, mmol H4iliter cells, respectively). Thus, the initial
rate of H effiux after acute cell acidification, was not significantly
different between SHR and WKY cells (12.29 1.32 and 11.04
1.32 mmol H790 seconds, respectively).
The contribution of the Nat'H antiporter to the pH1 recovery,
was investigated by the addition of EIPA to the superfusate.
There was substantial pH1 recovery despite the addition of EIPA
to the recovery solution (ApH1 0.15 0.02 and 0.13 0.02, pH
U/90 seconds, NS, in cells from SHR and WKY rats, respectively;
Fig. 3). The initial rate of H flux via the Na1H exchanger
(measured as control recovery — recovery in the presence of
EIPA) was not different between SHR (N = 20) and WKY cells
(N = 21) (5.32 1.37 vs. 5.52 1.25 mmol H/90 seconds,
respectively). The initial rate of EIPA-resistant pH, recovery was
higher, but not significantly different, between SHR and WKY
cells (7.16 0.72, N = 20 and 5.43 0.89, mmol H/90 seconds).
Table 3. Steady-state pH1 and stimulated Na7H exchange activity
(pH1 —6.50) in VSMC assayed in the presence of HCO31C02 7.5
7.3
7.1
6.9
6.7
6.5
6.3
Number of experiments is given inside parenthesis.
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The rate of EIPA-resistant pH recovery over time (10 mm) was
significantly higher in SHR than in WKY cells (P < 0.001 by two
way ANOVA, Fig. 3). Thus, these studies suggest the existence of
a HCO3/C02-dependent, EIPA-resistant acid extrusion mecha-
nism which is significantly faster in cells from SHR than in those
from WKY rats.
Analysis of Na/H exchange activity subdivided on the basis
of sub-passage in culture is presented in Table 3. There were no
significant differences in activity between VSMC from SHR and
WKY rats assayed in early (5.20 2.52, N 10 vs. 5.56 2.32,
N 8, mmol H/90 seconds, respectively) or late sub-passages
(5.43 1.40, N = 11 and 5.50 1.51 mmol HI 90 seconds, N =
13, respectively).
Na changes during recovety from cell acidification: Absence of
HC03'1C02
The above studies suggested that Nat'H antiporter activity
was increased in VSMC from the SHR studied in early sub-
passages only when examined in the absence of HC031C02. To
further examine this seemingly paradoxical behavior, additional
studies were performed using the rate of Na accumulation as an
index of Na/H exchange activity. These studies were limited to
cells grown in early sub-passages in culture.
As in the previous series of experiments conducted in cells
assayed in early sub-passages, steady-state pH1 was higher in cells
from SHR than in those from WKY rats (7.32 0.03, N = 7 and
7.18 0.03, N = 6, respectively, P < 0.01). The steady-state
concentration of Na1 also tended to be higher in VSMC from
SHR than in those from WKY rats but this difference did not
achieve statistical significance (9.0 1.0, N 15 vs. 7.9 0.6 mi,
N = 15, respectively).
The rate of Na1 accumulation during recovery from cell
acidification is shown in Figure 4A. Concurrent experiments
examined pH1 under conditions identical to those employed for
monitoring Na1. Removal of NH4CI (20 mM) from the superfu-
sate caused a rapid intracellular acidification that was not differ-
ent between SHR and WKY cells (pH1 6.54 0.03 and 6.50
0.02, respectively). This corresponds to time 0 in Figure 4 which
depicts Na1 data. During recovery from cell acidification, Na1
increased rapidly, reaching a peak in about two minutes (Fig. 4A).
Both the slope of the initial rate of Na1 accumulation and the
peak Na1 concentration were higher in VSMC from SHR than in
those from WKY rats. At 90 seconds, the rise in Na1 was
significantly higher in VSMC from SHR than in those from WKY
rats (Na1 10 1.2 and 6.2 0.9 mi, P < 0.01, respectively).
The increase in Na1 during the recovery from cell acidification,
however, represents the balance of Na entry and Na' extrusion
from the cells. To assess Na entry during recovery from cell
acidification experiments were performed after the inhibition of
Nat'K ATPase with 2 mt ouabain (Fig. 4B). In these experi-
ments, ouabain was added to the superfusate three minutes prior
to cell acidification produced by the removal of NH4C1 from the
superfusate (time 0 in Fig. 4B). The initial (90 seconds) increase
in Na1 was significantly higher in SHR than WKY cells (Na
10.22 1.15 and 6.98 1.17 mM, P < 0.05, respectively). The
increase in Na1 over time was greatly augmented as compared to
cells not exposed to ouabain (compare Fig. 4 A and B) and
markedly higher in SHR as compared to WKY cells.
The experiments performed in the presence of ouabain showed
that the greater increase in Na1 in SHR than in WKY cells
—4 —2 0 2 4 6 8
Time, minutes
Fig. 4. Na1 accumulation during the recovery from cell acidification as-
sayed in the nominal absence of HC03/C02 (HEPES buffer). Na1 was
monitored after cells were acutely acidified to a pH1 of about 6.5 (time 0)
by removal of NH4C1 A. The initial increase in Na7'H1 was greater in
cells from the SHR (open circles, N = 19) than in those from WKY rats
(closed circles, N = 18). B. Ouabain (2 mM) was added 3 minutes prior to
cell acidification (at the arrow). During the recovery from acute cell
acidification, Na1 accumulation was significantly greater in cells from the
SHR (open circles, N = 8) than in those from WKY rats (closed circles,N = 7). Addition of ouabain to the superfusate resulted in a greater
increase in Na1 than in cells not exposed to ouabain in cells from both
SHR and WKY rats (compare A and B).
during the pH1 recovery from an acute cell acidification was due to
an increase in the rate of Na entry in SHR cells. The change in
Na1 was also monitored during the recovery from cell acidifica-
tion in experiments where the Na/H antiporter was inhibited by
preincubating the cells with EIPA (25 M, Fig. 5). Preincubation
of the cells with EIPA completely blocked the initial rise in Na1
triggered by cell acidification (washout of NH4C1) in cells from
both SHR and WKY rats. Since the rate of increase in Nat, after
cell acidification was EIPA-sensitive (Fig. 5), we infer that
Na/H exchange is the main mechanism involved in the rise in
at least under conditions of stimulation by cell acidification.
After three to four minutes, there was an increase in Na1,
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Fig. 5. Effect of EIPA on Na during the recovery from cell acidification
assayed in the nominal absence of HC031C02 (HEPES buffer). VSMC
were treated as described in Figure 4 except the cells were preincubated
with EIPA 2 minutes (at the arrow) prior to cell acidification. In cells from
either SHR (open circles, N = 7) or WKY rats (closed circles, N = 8)
EIPA prevented the increase in Na1 observed in control cells (compare
to Fig. 4).
particularly in cells from the SHR, which remains to be explained,
but may be due to the loss of EIPA from the cell membranes
during prolonged superfusion with an EIPA-free solution.
Na changes during recovery from cell acidification:
Presence of HC03/C02
In VSMC grown in early sub-passages and assayed in the
presence of HC031C02, the basal steady-state concentration of
Na also tended to be higher in SHR than WKY cells (11.3 1.3,
N = 11 and 10.0 1.1 mM, N = 10, respectively), but this
difference did not reach statistical significance. The rise in Na
throughout the recovery from cell acidification was faster in SHR
than WKY cells (P < 0.001 by two way ANOVA, Fig. 6A). At 90
seconds, the increment in Na1 was higher in SHR than WKY
cells (Na 10 1.4 and 5.5 0.09 mmol, P < 0.02, respective-
ly). In cells exposed to ouabain, Na increased further and
continued to increase throughout the recovery from cell acidifi-
cation (Fig. 6B). The initial increase in Na1 was markedly
augmented in SHR as compared to WKY cells (9.94 1.02, N =
7 and 5.59 0.86, N = 6 mmol Na/90 seconds, P < 0.01,
respectively). The increase in Na1 throughout the entire pH
recovery period was also greatly augmented in cells from the SHR
as compared to WKY cells (Fig. 6B).
Preincubation with EIPA greatly, but incompletely, inhibited
the initial rate of Na accumulation in both SHR and WKY cells
(Fig. 7). The EIPA-insensitive mechanism of Na1 accumulation
increased with time in a manner that paralleled the pH1 recovery
in the presence of HC037C02 (compare Figs. 7 and 3).
Steady-state mRNA levels
mRNA levels for the Na7H antiporter (NHE-1 isoform)
were measured in VSMC grown in early sub-passages in culture
(4th to 6th). There was no measurable difference in the amount of
NHE-1 mRNA between SHR and WKY cells after normalization
for 13-actin mRNA levels (Fig. 8).
2 4 6 8 10
Time, minutes
Fig. 6. Na1 during recovery from cell acidification. Experiments were
performed as described for Figure 3 except that a HC03/C02 buffer was
used. A. The increase in Na1 was greater in cells from the SHR (open
circles, N = 11) than in those from WKY rats (closed circles, N = 10). B.
Ouabain (2 mM) was added 3 minutes prior to cell acidification (at the
arrow). During the recovery from acute cell acidification, Na1 accumu-
lation was significantly greater in cells from the SHR (open circles, N = 7)
than in those from WKY rats (closed circles, N = 7). Addition of ouabain
to the superfusate greatly augmented the increase in Na, as compared to
cells not exposed to ouabain (compare A and B).
Discussion
This study confirms the observation [6—8] that the stimulated
activity of the NafH antiporter is enhanced in cultured aortic
VSMC from the SHR as compared to those derived from WKY
rats. Our study extends this previous observation in several
significant ways. First, our study is the first to assess functional
Na/H exchange activity by two independent methods: H efflux
derived from the rate of pH1 recovery after acute cell acidification
and by Na1 monitoring also after acute cell acidification. Second,
our studies were conducted not only under conditions where the
assay media lacks HCO37C02, as in previous studies by others
[6—8], but also under conditions where HC037C02 was present
in the media. Assessment of Na/H exchange activity under this
latter condition is of greater physiologic significance but also more
complex as discussed below. Third, we measured the level of
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Fig. 7. Effect of EIPA on Na during the recoveiy from cell acidifica-
tion. Experiments were performed as described for Figure 5 except that a
HCO37C02 buffer was used. Preincubation with EIPA for 2 minutes (at
the arrow) in cells from either SHR (open circles, N = 11) or WKY rats
(closed circles, N = 7) only partially prevented the increase in Na1 seen
in control cells (compare to Figure 5).
3-actin
Na/}f antiporter mRNA (NHE-1 isoform) to ascertain if the
observed differences in functional Na/H exchange activity
between VSMC from SHR and WKY rats were due to a differ-
ence in mRNA abundance for the NHE-1 isoform of the anti-
porter. Fourth, we showed that Na/H exchange activity in
VSMC from the SHR and the rate of cell proliferation in culture
tend to parallel each other and are both influenced by the stage of
cells in culture (early vs. late sub-passages). VSMC from the
WKY rat, when studied in early sub-passages, grew more slowly
than cells derived from the SHR and this was associated with
diminished Na/H exchange activity. WKY cells grown in late
sub-passages, however, grew as fast as cells derived from the SHR
and Na7H exchange activity was as high as that of cells from the
SHR. Thus, VSMC from WKY rats grown in culture experience a
delay in growth which is associated with decreased Na/H
exchange activity as compared to those derived from the SHR.
The Na/H exchange inhibitor, EIPA, almost completely
obliterated the initial rate of pH1 recovery (Fig. 3) as well as the
initial rate of Na accumulation (Fig. 6) indicating that these
processes were largely mediated via Nat'H exchange. Thus, in
VSMC from both SHR and WKY rats, the Na/H antiporter
appears to be the major mechanism of pHi recovery from a very
low pH1 (—6.5). The markedly increased rate of Na1 accumula-
tion observed in SHR as compared to WKY cells, in the presence
of ouabain, clearly shows enhanced Na7H exchange in SHR
cells. This was seen both in the presence of HC03/C02 and in its
nominal absence (Figs. 4B, 6B). These findings demonstrate
increased functional Na/H exchange activity in VSMC derived
from the SHR as compared to those derived from a similar
number of WKY rats.
Our finding that mRNA levels for the NHE-1 isoform of the
antiporter were not different between VSMC from SHR and
WKY rats strongly suggests that the greater level of functional
activity of the Na/H antiporter is due to differences in transla-
tional or post-translational regulation of NHE-1. We cannot,
however, rule out the possibility that differences in Na/H
Fig. 8. Na /H4 antiporter niRNA levels in VSMC from SHR and WKYrats.
By Northern blot analysis using the human Na/H c28 cDNA (NHE-1
isoform) there was no difference in Na/H antiporter mRNA levels in
VSMC from SHR and WKY rats. /3-actin levels were used as a control.
exchange activity between cultured VSMC derived from SHR and
WKY rats is due to differences in the expression of other NHE
isoforms.
Assessment of Na/H exchange activity by the initial rate of
Na1 accumulation after cell acidification yielded results generally
concordant with those obtained using a more widely used ap-
proach, measurement of pH1 recovery rates. In the nominal
absence of HC03/C02, VSMC from the SHR studied in early
sub-passages in culture, displayed enhanced Na/H exchange
activity as manifested by both the rate of Na1 accumulation and
as the rate of H efflux. In the presence of HC03/C02, however,
Na/H exchange activity, assessed as the rate of Na1 accumu-
lation, was greatly enhanced in the SHR whereas using the pH1
recovery rate we were unable to detect a difference between
VSMC from SHR and WKY rats. This may reflect an inherent
limitation of assessing Nat'H exchange activity using the pHi
recovery method in the presence of HCO37CO2. The inability to
detect differences in Na/H exchange activity between SHR and
WKY cells by measuring the pHi recoveries in the presence of
HC03/C02 may be due to the large buffering power of the cells
in the presence of HC03/C02 [24], and/or the concerted activity
of HC03/C02 dependent transporters [25] both of which impact
on pH1 during recovery from cell acidification. Feed back inhibi-
tion of the Na/H antiporter by the observed increase in Na1
+
z
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during recovery from cell acidification does not appear to be a
satisfactory explanation because we observed similar rates of Na1
accumulation in the presence and in the absence of HCO3 1C02
(compare Figs. 3 and 6).
Kinetic analysis of our data revealed that the Vm of the
antiporter in VSMC derived from the SHR was increased as
compared to those derived from WKY rats. The zero set point,
the pH1 at which the activity of the antiporter is only 1% of Vm
[17], tended to be higher in cells derived from SHR as compared
to those derived from WKY rats (—7.5 and 7.3, respectively). This
is consistent with the higher steady-state pH1 that we observed in
cells derived from the SHR assayed in a HCO3/CO2 free system.
In a HC031C02 free system, where the Na/H antiporter is
solely responsible for pH1 regulation, the higher pH1 of VSMC
from the SHR , as compared to those from WKY rats, is a
reflection of the higher activity of the Na/H antiporter near
steady-state pH1. In the nominal absence of HC03/C02, the
activities of HC03 dependent pH1 regulatory transporters are,
by design, eliminated, and a direct relationship between Na'1H
exchange activity and pH1 is to be anticipated (that is, higher
steady-state pH1 as a result of increased Na/H activity). In the
presence of HC031C02, however, the pHi is determined by the
activity of at least three different transporters so that pH1 may be
kept normal despite overactivity of the Na1H antiporter [26].
Enhanced proliferating activity of cultured smooth muscle cells
from the SHR has been previously reported [27, 28]. In cultured
aortic VSMC from the SHR, we found that DNA synthesis was
increased and cellular doubling times were decreased as com-
pared to cells from the WKY rat (Table 1). In large vessels, from
hypertensive models, there is arterial media thickening which
comes from an increase in the number of cells (hyperplasia) or an
increase in the cellular mass (hypertrophy) or both [29, 30]. In
small arteries and arterioles of experimental animals with hyper-
tension, smooth muscle cell hyperplasia is the most consistent
finding [29, 31]. Cultured aortic VSMC may, thus, be used as a
surrogate model for the hyperplastic cell growth that usually
occurs in vessels from hypertensive subjects.
The differences in cell growth, like the differences in steady-
state pH1 and Nat'H exchange activity (Table 2), were limited to
cells grown in early sub-passages in culture. The increases in
steady-state pH1 and stimulated Na/H antiporter activity there-
fore may be related to differences in cell proliferation rates
prevailing during sub-passages in culture. The lack of difference in
Na/H exchange activity between VSMC from SHR and WKY
rats studied in late sub-passages may be due to a phenotypic
change in growth that occurs as the cells are continuously
sub-passaged. WKY cells studied in early sub-passages had a
slower rate of growth (Table 1), a lower pHi, and reduced activity
of the Na/H antiporter (Table 2) as compared to WKY cells
studied in later passages. In cells from the SHR, by contrast, the
growth rate, as well as the activity of the antiporter and steady-
state pH1 were essentially unchanged over passages. It may be that
VSMC from the SHR express a relatively homogeneous popula-
tion of fast growing cells. VSMC from WKY rats, on the other
hand, may be represented by a more heterogeneous population of
cells. Such differences in the heterogeneity of cell division be-
tween SHR and WKY smooth muscle cells have been reported by
others [32, 33]. As VSMC from WKY rats are continuously
passaged, the faster growing cells would be expected to eventually
become the dominant phenotype expressed in the cultures and
hence, the measured rate of cell proliferation would approach
that measured in VSMC from the SHR. If these faster growing
cells expressed enhanced Na/H exchange activity, then the
functional activity of the antiporter would increase as VSMC from
WKY rats are subpassaged in culture. This is what was observed
in the present study and is in agreement with the data of Berk et
al [6] showing no difference in Na/H exchanger activity be-
tween VSMC from SHR and WKY rats assayed after several
sub-passages in culture. It must be acknowledged that while we
and Berk et al [6] have chosen to interpret our observations as
"overactivity" of the Na/H antiporter in the SHR, an equally
distint possibility is that the slower growing cells derived from
WKY rats display an "underactivity" of antiporter activity that
acts to limit the cells proliferative ability.
An association between growth and Nat'H exchange activity
has been well documented [2, 34—38]. It has previously been
suggested that an increase in Nat'H exchange activity may cause
an increase in VSMC proliferation by raising pH1 or through some
other ionic mechanism [5, 34, 36]. VSMC from the SHR grew
faster than those from WKY rats while maintained in a HCO3/
CO2 environment where steady-state pH1 was not significantly
different between SHR and WKY cells (Table 2). Our data is,
thus, best interpreted as evidence against a higher steady-state
pH1 as being the cause of cell hyperproliferation in VSMC from
the SHR. The higher pH1 of cultured cells from the SHR (in the
absence of HC03/C02) likely reflects the overactivity of the
Nat'H antiporter which may be secondary to enhanced cell
proliferation. In this respect, we speculate that enhanced prolif-
eration of VSMC from the SHR may necessitate a generalized
increase in acid extrusion mechanisms to accommodate an in-
crease in cellular acid production owing to an increase in growth-
related metabolic activity. When HC03/C02 is removed from
the media, cell acid extrusion is effected solely by an increase in
Na/H exchange activity and is manifested by a higher steady-
state pH1. In the presence of HC031C02, the increase acid load
may be handled, not only by an increase in Na/H exchange
activity, but also by stimulation of a HC03 dependent and
EIPA-insensitive mechanism of acid extrusion which needs to be
characterized. Evidence for the existence of a Na dependent
C1/HC03 exchanger [14, 25, 39] in glomerular mesangial cells
and a Na/HCO3 symporter in aortic VSMC has been advanced
[40, 41]. Increased activity of these transporters in conjunction
with increased activity of the Na/H antiporter would result in
an increase in Na influx into the cell. While we did not detect
significant differences in steady-state Na1 between VSMC from
SHR and WKY rats it remains possible that an enhanced rate of
Na influx in SHR cells could result in an increase in cell
proliferation by increasing NaiK-ATPase activity and cell K
uptake or by increasing Ca2 influx via Na/Ca2 exchange.
In summary, the present study demonstrates that in cultured
aortic VSMC assayed both in the presence of HC03/C02, and in
its nominal absence, Na/H exchange activity is increased in
VSMC from SHR as compared to those from WKY rats. The
higher functional activity of the Nat'H antiporter is not due to
increased transcriptional events because steady-state levels for
NHE-1 mRNA were not different between SHR and WKY cells.
Our data further suggest that overactivity of the Na/H anti-
porter in VSMC from the SHR, as compared to those from WKY
rats, is related to enhanced growth in culture.
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